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, hut tlicsc cxlicriincnls opcratc iii (lie Iiiglily-uiistalilo scli-iii~xlul;itcd rcgiinc and pr~i~liicc poor licain qiiiility, Expcriincnts iii the slandiird f,WFA regime liiivc to tliite proiluccd iniid~riitc ciicrgy gaiu 1101.
This p q~c r clcscribcs siiiiiiliitioiis 01 laser piilscs iii pliisnia cliaoncls similar to ttiosc used iii rcccnt ciipillwy discharge giiiding cxpcriniciits. 'l'hc iinalysis i s cxtciitlctl tlic lower plasinii density rcginic wliicli w i l l he ~iscd i n luturc c1i;ii~ncl~giiidcd I.WI?A cxpcrinicnts. Accelerator applications require substantially higher intensities than are produced by this laser. To investigate the high intensity regime, capillary discharge experiments have recently been carried out using the TI laser at the Naval Research Laboratory [6,71. The laser has a 1.06 pm wavelength, a 400 fs pulse length, and peak power exceeding 2 TW. A 2 cm long double capillary was used. The focused intensities in these experiments exceeded IO" W/cm'. Transport efficiencies were generally higher than at lower intensities
Laser Guiding Simulations
Simulations of laser propagation in plasma channels have been carried out using the LEM 2-D, axisymmetric code developed by Krall, et al. [13] . Nonlinear wave equations are solved for the normalized potentials, and the plasma response is treated with a cold fluid model. The evolution of the pulse is followed in a speed-of-light system with coordinates r, < = cf -z, and z = f . Figure 1 plots the spot size rL(z) for three simulations in a 2 cm long channel with rch = 100 pm, similar to that used in the guiding experiments described above [SI. The spot size is calculated at a reference point near the center of the 100 fs long, 0.8 pm wavelength pulse. The entrance to the channel is near the initial focus at z = 0.3 cm, and the pulse exits the channel into vacuum at z = 2.3 cm. The solid curve has no = 5~1 0 '~ cm", and An = 3x10" cm-3 and is nearly identical to the dashed curve, which raises no to 1 . 5~1 0 '~ cm". However, the dotted curve, which has a small reduction in An ( 2 . 8~1 0 '~ cm"), produces a small but noticeable shift in the spot size oscillation wavelength a,, leading to a significant shift in the spot size trajectory after it exits the channel. This is consistent with the predictions of Section 2.1, that rM and 1, are independent of no and scale only with An.
Experimental measurements of post-capillary expansion of the beam show shot-to-shot variations which can be attributed to small changes in An.
The pulse may be distorted hy a number of effects which are not contained in the simple envelope models. For example, the intense laser pulse may ionize the carbon originating from the polyethylene capillary wall to higher charge states. This will tend to increase the plasma density near the axis, which inhibits the guiding effects and may cause the pulse profile to hollow [4] . 
CHANNEL-GUIDED LASER WAKEFIELD ACCELERATORS

Scaling for LWFA Perjormance
The channel guiding method described above may be adapted to laser wakefield acceleration. However, to he in the optimal regime for a standard LWFA, the resonance ratio a, = cq& should he -0.5 [1, 2] . Here, the nominal plasma wavelength 4, = Zm/apo, and a , , = (4m0e~/rn)'~ is the on-axis plasma frequency. If a, and zL are specified, the on-axis density no = (mn/e2)(a,/z~)'. For z i > 100 fsec, and a, = O S , no < 3 . 5~1 0 '~ cm", which is much lower than no values in current experiments [3] [4] [5] [6] [7] .
Analytical models for predicting LWFA performance are usually based on such physics parameters as a* A, and 4. The primary performance quantities are the peak accelerating electric field E,", the dephasing distance Ld, and the dephasing-limited energy gain W, = rnc'x,:,. If the pulse length is optimized, the pulse is linearly-polarized, and U, << I, the usual scalings give E," = (ad/2)E(,, Ld = 4j/2A2, and E = Z(E,dEo)(AJ1)'. Here EO = rncqde is the I-D cold fluid wavebreaking field, and the dephasing limits are based on the distance over which a particle moving at c slips by an 4/4 in the wakefield.
Since a, and zL are strongly linked, one may express performance quantities in terms of the following set of laser parameters (1, PO, zL) and channel parameters (a,, rch, and normalized channel depth An/no). The spot size in Eq. (1) is given by rM' = ( c /~~( r , h z L ) / a " ( A n~) " * .
Thus, longer pulse length lasers tend to have larger spot sizes and thus lower intensities and accelerating fields. If the scaling of E, with pulse length is assumed to be -sin (na,) , then the peak accelerating electric field is and the corresponding dephasing-limited energy gain is Proceedings of the 1999 Particle Accelerator Conference, New York, 1999 (3) aE PotL (An In,,)"' sin za,
The scale factor aE is -0.8 [1,2] . These simple scalings may be modified for high laser intensity (ao -1) and finite spot size.
LWFA Simulations
The simulation code may be run in the lower density regime and high laser powers appropriate for a LWFA. Fig. 2 gives a surface plot of the axial electric field Ez(r,<) for a prototype channel-guided LWFA with A = 0.8 pn, tL = 100 fs, Po = 25 TW, no = 2~1 0 '~ ~m -~, M n o = 5, and rch = 100 pm. The peak field of -10 GV/m occurs at <= -80 p n , and the simulation slippage rate gives an estimated dephasing length = 20.9 cm. The dephasing-limited energy gain for the simulation is W, = (2/z)Em,Ld,, = 1.36 GeV. This agrees well with the analytical estimate from the previous section when spot size and nonlinear corrections are included. Current LWFA and channel guiding experiments have taken place at much high plasma densities, where L,, -0.1 cm, E, is substantially higher, but Wd is only -100 MeV. Fig. 2 . Axial electric field E,(r,<) at z = 13.5 cm for the LWFA simulation described above.
Longer pulses require still lower plasma densities but may produce much larger values for Ld and W,. Simulations with 400 fs long pulses confirm this, but the resulting accelerating gradients are in the 1 GV/m range. Thus, the channels required to take advantage of the higher dephasing limits are probably too long to be practical.
If a long pulse laser is injected into a higher density channel, the pulse will undergo self modulation (SM) as in the SM-LWFA experiments [8, 9] . The channel allows the beam to be guided at powers well below the critical power P, for relativistic self-focusing, and should substantially reduce the highly irregular behavior seen in those experiments. Fig. 3 shows a plot of Ez(r,<) at z = 3.6 cm for a prototype channel-guided SM-LWFA with a = 1 pm, tL = 400 fs, p0 = 13 TW, no = 8x10'' cm", Adno = 1, and rCh = 150 pn. The simulation produces a well-defined wakefield which peaks at -35 GV/m.
oT (am) -3.687 Fig. 3 . Axial electric field Ez(r,<) at z = 3.6 cm for the self-modulated LWFA simulation described above
SUMMARY
Plasma channels such as those produced by a capillary discharge have guided intense laser pulses over distances of several cm. Simulations have been carried out which reproduce these experiments and illustrate higher order effects which may distort the pulse. For a channel-guided LWFA, the plasma density must be substantially lower that in current experiments. The implications may be seen in simple scaling laws for LWFA performance and in simulations of future LWFA experiments. Simulations of a channel-guided, self-modulated LWFA suggest this approach may be promising.
